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ABSTRACT
Since completion in 1915, Lahontan Reservoir has impounded water from the 
Carson and Truckee Rivers and served as a sink for sediments and trace elements including 
Hg (mercury), Au (gold), and Ag (silver) derived from mining operations and transported 
by the Carson River. At the mouth of the Carson River over half of the sediment entering 
Lahontan Reservoir has been deposited in a delta, referred to as the Carson River deltaic 
complex, that covers a 10 km length of the reservoir's bed. This study was undertaken to 
determine the morphology and geomorphic evolution of the Carson River deltaic complex 
by examining the role of base level, river discharge, channel location, and channel form on 
delta development. In addition, this study assess the impact of fluvial processes upon the 
distribution, deposition, and remobilization of Hg across the Carson River deltaic complex.
On a seasonal basis the deltaic complex does not adjust either its channel or 
depositional patterns in response to large fluctuations in base level and river discharge. In 
response to longer term (5 to 10 year) changes in hydrologic conditions, such as those 
resulting from drought, the deltaic complex also remains limited in its morphological 
adjustments. This lack of deltaic response is due to the erodibility and location of both pre­
reservoir and post-dam geologic units, as well as the rate and timing of the fluctuations in 
hydrologic conditions. The primary response that has occurred is an upreservoir migration 
of the depositional locus that is due to the continuing aggradation of the main distributary 
channel. The net result of migration has been the formation of three post-dam depositional 
deltaic units. Upstream of the deltaic complex reservoir construction has resulted in the 
development of an anastomosing channel system along a 5 km reach of floodplain. Even 
though the deltaic complex is a site of net Hg storage, the depositional and erosional 
processes occurring across the delta indicate that Hg is readily remobilized and therefore 
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In 1885, G.K. Gilbert presented a model for delta formation and morphology in 
lakes. This model has since served as the textbook description for lacustrine deltas and is 
commonly referred to as a "Gilbert-type" delta. Gilbert (1885) stated "[t]he process of delta 
formation depends almost wholly on the following law: The capacity and competence o f a 
stream fo r  the transportation o f detritus are increased and diminished by the increase and 
diminution o f the velocity" (Gilbert, 1885, p.104). As a stream enters a standing body of 
water the velocity undergoes a dramatic decrease, and a subsequent diminution of its 
competence, in turn triggering deposition of its sediment load (Gilbert, 1885).
The stratigraphy of a Gilbert-type delta is its most diagnostic feature and directly 
relates to the depositional mechanics on the delta. This deltaic form is stratigraphically 
divided into upper, middle, and lower units. The upper unit is deposited parallel to the 
upper surface of the delta, and is formed by fine material that crests the river levees and 
settles out in relatively quiet waters. The middle unit marks a sharp break in slope and is 
composed of coarse material inclined into the lake. The lower unit consists of fine 
sediments predominantly transported as suspended load, and deposited on the lake bed 
sloping gently away from the shore. As the delta progrades into the lake these strata 
overlap one another composing a tripartite section (Gilbert, 1885). Sedimentologically, 
these units can be classified as top- (upper), fore- (middle), and bottom-set (lower) beds.
The overall radial morphology of a Gilbert-type delta is developed as the river 
radially shifts the loci of deposition. This process occurs when levees built along the river 
channel are breached and a new channel with a shorter route to the lake is formed, resulting 
in the abandonment of the previous channel (Gilbert, 1885).
Many deltas formed in man-made lakes conform to the generalized Gilbert-type 
model of delta growth and morphology (Graf, 1988). However, reservoir deltas may 
deviate from this idealized model due to such factors as lake or river basin morphology and
2
fluctuations in lake levels. Detailed investigations of deltas constructed in reservoirs are 
limited. The majority of reservoir studies have primarily focused on overall sedimentation 
rates and the generalized delta morphology. Detailed examination of controls on delta 
evolution has predominately involved experimental flume work.
Mahmood (1987) provides a general model for deltaic processes in man-made 
lakes. In this model, delta growth typically requires (1) an initial vertical growth at the 
mouth of the river, beginning at the upstream point of backwater decreases in flow 
velocity, (2) the subsequent transport of incoming materials on top of the initially deposited 
materials, and (3) the longitudinal expansion of the delta down the submerged river valley. 
Mahmood (1987) also notes that deltas will initially follow the submerged river channel, 
though with time incoming flow will shift by avulsions to areas of less relief, laterally 
increasing the cross-sectional area of the advancing delta. Aggradation of the delta causes 
channel alignment to shift from the submerged river channel to that of the valley 
(Mahmood 1987). The deposition in and away from the backwater area is often a function 
of the reservoir pool level; deposition occurs at high stages, whereas sediment 
remobilization and transport to deeper water accompanies lower pool levels (Vanoni, 
1975).
The distribution and transport of sediments in the upper reaches of reservoirs are in 
part dependent upon the pre-reservoir morphology. In narrow reservoir basins in which 
the incoming flow is spread evenly across the basin a classic Gilbert-type delta often 
forms, with the slope of the topset beds approximately equal to one-half the original 
channel slope. In wide basins Mahmood (1987) states that sand will be transported further 
into the reservoir by confining distributary channels that conduct the sediments into deeper 
waters. Fine suspended sediments are carried by reverse eddy currents back into quiet 
water regions and deposited near the head of the reservoir (Mahmood, 1987). Shifts in 
channel location by avulsions lead to sedimentary sequences of sand splays or fingers
(abandoned channels) inter-layered with fine sediments (quiet water deposits) (Vanoni, 
1975).
Abrupt vertical changes in particle size and substantial lateral variability in sediment 
thickness were documented in the White River Reservoir, Wisconsin (Batten and Hindall, 
1980). Batten and Hindall (1980) suggest that the vertical distribution was generally a result 
of depositional patterns described by Vanoni (1975); coarse layers of sand alternating with 
silts and clays were produced by shifts in the flow of the river as it entered the reservoir, 
and despite an overall increase in particle size away from the dam, reverse eddy currents 
were responsible for deposition of fine sediments in the upper reaches of the reservoir. 
Laterally, sediment thicknesses in the White River Reservoir increased by as much as a 
factor of twenty from shore areas to the original river channel. This uneven distribution of 
sediments was attributed to the pre-reservoir morphology and its influence upon flow 
patterns (Batten and Hindall, 1980).
Changes in water depth in the receiving basin have been shown to be directly 
related to aggradation and progradation in both experimental and natural deltas and fan 
deltas. Aggradation of experimental fan delta apexes occurs in response to increases in 
water depth, while progradation occurs with decreasing depth. Progradation on 
experimental deltas also occurs in response to increases in discharge, and or decreases in 
sediment load (Schumm et al., 1987). Several studies of reservoirs and lakes confirm rapid 
and significant progradation of deltas in response to channel re-entrenchment initiated by a 
lowering of water levels (Ferrari, 1988; Smith et al., 1954; Born, 1972; and McGowen, 
1971). Chang (1982) argued that delta and alluvial fan morphology is the direct result of 
channel form and location; factors affecting channels such as discharge, sediment load, 
tectonic events, or base level have a direct impact on delta form.
In experimental delta studies, the response of stream channels to a change in any of 
above mentioned controls is typically "distinct and rapid ; channel incision leads to the
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formation of a single channel and aggradation of the channel results in the development of 
and or an increase in the number of distributary channels (Chang, 1982). The channel 
planform configuration directly controls the shape of the delta. For instance, single 
channels produce growth in one direction and lead to delta elongation, whereas multiple 
channels allow for lateral growth with multiple depositional loci (Chang, 1982; Schumm et 
al„ 1987).
The Carson River delta, in Lahontan Reservoir, Nevada exhibits a unique non- 
Gilbert-type morphology that is the product of 80 years of sediment deposition under a 
highly dynamic hydrological regime. This delta is of interest for more than its depositional 
and morphologic response to changes in channel form and location; it is the site of 
significant Hg (mercury), Au (gold), and Ag (silver) deposition. In the late 1800s, the 
Carson River system received and transported large quantities of mill tailings derived from 
mining operations associated with the famous Comstock Lode. The tailings were 
contaminated with Hg that was used to extract Au and Ag as an amalgam during ore 
processing. It is estimated that Comstock mining activities released 6.8 x 10^ kg of Hg to 
the Carson River system during the 30 year (1860-1890) peak of milling operations 
(Smith, 1943; Cooper et al, 1985). Since 1915, Lahontan Reservoir has served as a sink for 
both sediments and trace elements transported by the Carson River from upstream source 
areas (Cooper et al, 1985). Work done by Miller et al. (1993) as part of a National Institute 
of Environmental Health and Sciences (NIEHS) study on the Carson River revealed that 
approximately 3.28 x 10^ kg of Hg, 59,600 oz of Au, and 3,120,000 oz of Ag have 
accumulated in the reservoir since dam construction. The majority of these metals are 
limited to two depositional units: the deltaic deposits, and deep water axial deposits referred 
to stratigraphically by Miller et al. (1993) as the bottom floodplain unit.
This study examines the morphology of the Carson River delta, and attempts to 
explain the role of base level, river discharge, channel location, and channel form on delta
development in this arid environment. Specifically, short-term channel responses to base 
level and discharge are used to (1) interpret long-term depositional and erosional patterns, 
and (2) develop a conceptual model for deltaic evolution in Lahontan Reservoir. 
Implications of sediment transport and deltaic development on Hg transport and storage 
within the uppermost reach of Lahontan Reservoir is also addressed.
GEOGRAPHIC, HYDROLOGIC, AND GEOLOGIC SETTING
Geographic Setting
Lahontan Reservoir, located approximately 55 km southeast of Reno, Nevada, was 
constructed on the Carson River in 1915 (figure 1). The reservoir covers an area of 
approximately 4,410 ha and is 29 km in length. The dam has a spillway elevation of 
1267.4 m above sea level (all elevations given throughout the text are in meters above 
mean sea level) and is located approximately 227 km downstream of the headwaters of the 
Carson River that originate in the Sierra Nevadas. The reservoir was constructed as part of 
the Newlands Reclamation Project to provide regulated water to irrigate portions of the 
Carson Desert to the East.
General Hydrology o f Lahontan Reservoir
The original rating curve for reservoir stage and capacity was computed in 1917, 
revised in 1969 by Katzer (1971), and updated in 1974 and 1989. The 1917 datum is 1.14 
m lower than the 1969 datum; however, Katzer's total storage capacity is greater, 3.97 x 
108 m3 (322,000 acre-ft) versus 3.63 x 108 m3 (294,000 acre-ft), due to the increase in 
storage from flashboards across the top of the spillway and shallow water storage in shoal 
areas near the mouth the reservoir. These flashboards increase the maximum elevation of 
reservoir storage to 1269 m. For consistency and due to the best agreement with surface 
levels and topographic elevations on USGS maps, the 1917 rating curve is used throughout
6
Figure 1: Location map showing Lahontan Reservoir, the Truckee Canal, and the Carson 
River drainage basin.
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this study to determine storage-elevation relations. All elevations for deltaic features are 
based on observed (field and aerial photographic) reservoir levels.
Water surface elevation data have been collected at Lahontan Reservoir on a daily 
basis since 1918, and have subsequendy been converted into units of storage capacity. The 
maximum water storage was recorded at 3.88 x 108 m3 (314,840 acre-ft) in 1971. The 
mean annual minimum and maximums for water storage are 1.12 x 108 m3 (90,434 acre- 
ft) and 3.09 x 108 m3 (250,180 acre-ft), respectively; the average annual fluctuation in 
storage is 1.97 x 108 m3 (159,746 acre-ft) for a total of 9.6 m in surface elevation.
Discharge records for the Carson River have been made on a daily basis at the Fort 
Churchill gauge 19 km upstream of the deltaic complex since 1911. The average 
fluctuation in discharge ranges from a minimum of .1 m3/s (cms) (3 ft3/s (cfs)) to a 
maximum of 76 cms (2700 cfs). In greater than half the years since 1915, flow has entirely 
ceased at the Fort Churchill gauge during the late summer and fall. The maximum 
discharge measured at the gauge was 470 cms (16,600 cfs) in 1986.
With the exception of minimum storage capacity, water year 1993 (October 1, 
1992 to September 30, 1993) was a statistically average year, in both storage capacity and 
river discharge (figure 2).
Geologic Setting
The general trend and outline of the reservoir are defined by faulted bedrock which 
allows the reservoir to be divided into three sub-basins (figure 3). In the upstream most 
basin, where the entire deltaic complex is located, the reservoir abuts to the northeast 
against the faulted Quaternary and Tertiary basalts, and interbedded scoriaceous breccia of 
the Dead Camel Mountains (Moore, 1969; Wilden & Speed, 1974). Eolian sand mantles 
cover much of the southern portions of the Dead Camel Mountains (Wilden & Speed, 
1974), some of which are visible in the hills adjacent to the reservoir. Along the 


































Figure 2: (A) Plot of the averaged monthly means of Carson River discharge 
(measured at Fort Churchill) since 1915 and Lahontan Reservoir storage since 
1919. Note the rapid rate in the increase of both during the spring and the sharp 
decrease over the course of the summer and fall. The rapid rate of storage increase 
early in the year, before substantial increases in river discharge, is due to the input 
of Truckee River water. (B) Plot of Carson River discharge and Lahontan Reservoir 
storage for water year 1993. Peak river discharge occurred May 21, and reservoir 
storage reached maximum June 22.
The lan deposits have been partially covered and reworked by reservoir beach deposits, 
though much of the bar and swale topography is still preserved. To the west-southwest, 
the reservoir basin is defined by Quaternary pluvial Lake Lahontan deposits covered by 
sand dunes of probable Holocene age that have both been cut by the Carson River and 
further eroded by coastal processes operating in Lahontan Reservoir.
SURFICIAL MORPHOLOGY OF DELTAIC COMPLEX
For the purpose of discussion the Carson River deltaic complex has been separated 
into four regions (figure 3). From lowest elevation to highest, the zones include: the Lower 
Deltaic Complex (LDC), the Middle Deltaic Complex (MDC), the Upper Deltaic Complex 
(UDC), and the Transition Zone (TZ).
The Lower Deltaic Complex falls between the elevations of 1259 and 1261 m. 
The lower limit of the complex is marked by a visible break in topography from the deltaic 
complex into deep water deposits. Topographically, the LDC retains much of the 
morphology of the pre-reservoir Carson River valley. Broad topographic rises are 
separated by uneven lows. The lows show evidence of pre-reservoir meander scrolls and 
partially filled channel segments, which are locally eroded by post-dam gullies of up to 2 m 
in depth. A few scattered tree stumps with roots flares covered by as much a 25 cm of 
silts and clays indicate that post-dam deposition has been limited in many areas.
The area between the elevations of 1261 and 1266 m is the Middle Deltaic 
Complex. Up to approximately 1263 m in elevation post-dam deposition of fines 
(sediments < 63 (im in grain diameter) and dense growth of grasses has obscured much of 
the topographical variations. Broad shallow channels have recently eroded post-dam 
deposits down to the underlying pre-reservoir materials along the center of the basin. 
Subtle topographic rises, due to deposits of sands in lobe and splay forms, are 
distinguishable in the southwestern half of the basin.
10
Figure 3: Map showing the boundaries and elevations of the four divisions ol thedeltaic 
complex based on surface morphology. Locator map in the lower right shows outline of 
the reservoir and the sub-basins, with the shaded portion being the extent mapping.
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Between an elevation of 1264 m and 1266 ra, the topography of the MDC exhibits 
much greater variability. In this portion of the delta, the main distributary channel (mdcl) is 
approximately 30 to 40 m wide and 70 cm deep and extends from its junction with several 
other channels at 1266 m to its downstream terminus around 1264 m. Broad sloping 
deposits of loose sands with relief on the order of 20 to 30 cm covers a region 
approximately 0.75 km in width along the eastern half of the MDC. At and around the 
mdcl terminus small channels (10 to 30 cm in depth, and less than 3 meters in width) are 
cut into the loose sands. The surface of the remaining portions of the MDC is typically 
characterized by low relief with the exception of broad erosional depressions along the 
center of the MDC.
The Upper Deltaic Complex extends from 1266 m up to the level of maximum 
inundation around 1269 m. The northwestern half of the UDC retains topographic highs 
and lows from meander scrolls and oxbows formed prior to reservoir construction, and by 
abandoned post-dam reservoir channels. The southeastern side of the UDC is 
characterized by a number of shallow secondary channels and oxbow lakes.
For a 5 km stretch above the UDC, the floodplain of the Carson River is 
characterized by a main river channel and numerous anastomosing channels excised into 
the fine grained floodplain materials. This reach referred to as the Transition Zone (TZ), 
extends from 1269 m to just below 1273 m in elevation. Its surface also exhibits both 
modern and pre-reservoir oxbow lakes and meander scrolls.
RESERVOIR BED GEOLOGY
Stratigraphy and thicknesses of deltaic deposits were assessed by examining 
materials from hand dug pits, cores taken with a soil probe, and from backhoe trenches 
dug in the late summer, 1992. Units were delineated on the basis ol particle size 
distribution, color, extent of weathering, and Hg concentrations (determined by the Nevada
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Bureau of Mines and Geology). Particular interest was placed on the use of these 
characteristics to distinguish between pre- and post-1915 sediments and to understand the 
depositional mechanics operating across the deltaic complex.
A total of 77 sediment samples were collected from these deltaic units for grain size 
characterization. Fifty-six samples containing >90% sand were analyzed for mean grain 
diameters and the degree of sorting using 0.5 phi interval sieves and a ro-tap machine. 
Twenty-two samples with greater than 10 to 15 percent fines (silt and clay) were analyzed 
for grain size distribution by the pipette method outlined by Day (1965) and Jackson 
(1969). Data from an additional 78 samples collected from previous studies were also 
used to sedimentologically delineate stratigraphic units (Miller et al. 1993; Miller 
unpublished data).
Pre-Dam Geologic Units
The bed of the reservoir, beneath and pre-dating the deltaic complex, is composed 
of two geologic units (figure 4). Both units consist of alluvium, but significantly differ in 
age and weathering characteristics. The older unit, referred to here as the Holocene valley 
alluvium (Hova) is inset by the younger Historic valley alluvium (Hiva), which is
characterized by meander scrolls, oxbows, and filled channels, which date to the late 
1800's. The majority of both units are now buried by deltaic deposits.
Holocene valley alluvium
Dark brown to dark reddish brown, clayey, loams with a well-developed soil 
structure characterize the Holocene valley alluvium (Hova). These soils typically exhibit
well-developed subangular blocky structure with clay films developed on both the ped 
faces and along root pores, and contain carbonate filaments and nodules. On aerial 
photographs the Hova fragments, where not covered by thick reservoir deposition, may be
identified by their lighter colors and slight positive relief. Holocene valley alluvium
Figure 4: Map of pre-reservoir geology in the vicinity of the modem deltaic complex. 
The shaded portion of the locator map in the lower right shows extent of mapping.
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material is highly cohesive and far more resistant to erosion and scour than Historic valley 
alluvial deposits. The interpretation that the HoVa materials are Holocene in age is based
upon the fact that they are inset into pluvial Lake Lahontan sediments that are exposed 
along the shore of the reservoir.
Historic valley alluvium
Aerial photographs from 1954 and 1962 show highly sinuous paleo-channel and 
floodplain materials between the elevations of 1264 and 1266 m. These channel and 
floodplain sediments are referred to here as Historic valley alluvium (Hiva). They are inset 
into and, thus, are younger than valley fill materials (Hova sediments) which compose the 
bed of the entire southeastern half of the reservoir basin (figure 4).
Hiva deposits are characterized by oxidized, dark to very dark grayish brown, silty
and sandy clay with very weakly developed soil structure (grain size characterizations are 
based on Wentworth's classification as cited by Fritz and Moore, 1988). The Hiva deposits
are distinguishable from post-dam reservoir deposits by a higher clay content, more 
uniform and extensive oxidation, thicker massive bedding, and the presence of carbonate 
nodules in some locations.
Locally paleo-channel fills are exposed along the banks of the main distributary 
channel. These fill deposits differ from other HiVa sediments in that they are highly 
oxidized reddish-orange, fine silty sands identical to mine and mill tailing materials found 
upstream along the Carson River. The mean Hg concentration of the Hiva deposits is
25.72 ppm but Hg values may reach levels of 62.8 ppm in exposed paleo-channel fills 
(Lechler, unpublished data). The high Hg concentrations suggest that the material found in 
these paleo-channel fills and the surrounding valley alluvium are contaminated by 
anthropogenic Hg. Research conducted upstream on the Carson River suggests that during 
the late 1800s substantial changes in the river's form and location occurred in response to
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mining and milling activities near Dayton, Nevada (Miller et al„ unpublished data). It 
therefore seems plausible that the Hiva materials were deposited during the peak of milling 
activities in the 1860s through 1890s, prior to reservoir construction.
Approximately 0.5 km in width, the Hiva deposits, run along the west-
southwestern margin ot the delta complex. Figure 4 shows the outermost extent of the 
valley alluvium. In many locations within the Hiva intact fragments of the Hova are
present, though not large enough to be mapped individually.
Post-Dam Geologic Units
The deltaic deposits of the Carson River in Lahontan Reservoir cover 
approximately 15 km^ of the upper-most reservoir basin. Sediments deposited since 
closure of the dam in 1915 have been separated on the basis of sedimentologic and 
morphologic characteristics into three major depositional units. They are referred to here as 
Deltaic fines (Df), Distributary sands (Ds) and Secondary channel fans (Scf) (figure 5; 
Table I).
Deltaic fine deposits
The Deltaic fines (Df) consist of light gray to dark grayish brown, sandy silts and 
muds (sediments < 63 |im in grain diameter) that cover an area of 12.3 km^. These 
deposits extend from the upper most limit of reservoir inundation at 1269 m to the 
downstream boundary of the lower delta complex occurring at an elevation of 1259 m. 
Thickness of Df deposits ranges from 1 cm up to 50 cm and varies both with local 
topographic changes and with elevation in the reservoir. Local topographic highs are 
commonly buried by thinner deposits of Df than local depressions.
Detailed studies conducted during 1993 also revealed geographic trends in 
composition and thicknesses of Deltaic fine deposition. For example, the percentages of 
both sand and silt increases with proximity to the mouth of the Carson River (figure 6),
16
size of the three post-dam geologic units. Beach deposits are shown, but are not unique 
to the deltaic region of the reservoir. Shaded portion of locator map in the lower right 
shows extent of geologic mapping.
17
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Figure 6: Plot showing the down-reservoir decrease in silt (top line) and increase in 
clay (bottom line) in surface samples of post-dam deposits with < 50% sand. 
Distances are measured from the boundary between the MDC and the UDC. 
value for the silt regression line = .21, value for clay regression line = .49.________
sediments range from around 50% silt in the LDC to as much as 87% in deposits along the
main channel. Thickness also varied as a function of location. In the Middle Deltaic
Complex the Df sediments ranged from 3 cm in the center of the basin up to 6 cm along
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the margins of the main distributary channel. The sands present in much of the Df deposits 
occur either in the lorm of lenses and flaser bedding or disseminated within the silts and 
clays. Df deposits characteristically have a platy to moderate subangular blocky structure, 
with abundant vesicles in surface layers. During periods of exposure and drying, Df 
deposits are commonly characterized by mud cracks and become vegetated with grasses, 
cockle burrs, and occasionally reedy plants where topographic lows retain sufficient water. 
The mean Hg concentration of Df deposits sampled both at the surface and at depth is 
23.65 ppm (Miller et al., unpublished data).
Distributary sand deposits
The Distributary sand (Ds) deposits cover an approximately 2.1 km^ area which 
extends along the western margin of the reservoir between the elevations of 1261 and 1266 
m. The Distributary sands exhibit alternating layers of light yellow brown to brown sands 
and sandy silts that are similar in composition to recent Df deposits (figure 7); the 
thickness and sequencing of layers varies considerably with location. Distributary sand 
deposits may be divided into two facies that are distinguishable at the surface in recent 
deposits, though difficult to distinguish at depth. Facies Ds  ̂ consists of sand bodies of
overlapping lobe and sheet deposits which extend out away from the mouth of the 
distributary channel and are referred to as terminal sands. Facies Ds0 consists of sands
deposited on the delta surface along the lower potions of the distributary channel and 
referred to as overbank sands.
Terminal sands (Dst) form a broad lobate feature sloping away from the channel. 
This larger lobe form is composed of individual sand sheets, and lobate sand features 
deposited as water flows from the terminus of the mdcl. Prior to reworking and burial by 
additional sediments these individual features are distinguishable both in the field and on 
aerial photographs by their slight relief (10 to 30 cm), rounded shape, and lighter color.
IKSSatH
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Figure 7: Backhoe trench showing typical Ds sequence of interlayered beds of sand 
and sandy silts. Bottom arrow, at 116 cm, marks the contact of Ds deposits with 
coarse sands of a channel fill of a probable pre-reservoir channel. The two top 
arrows, 16-32 cm, highlight the contacts of a massive silt-rich layer, underlain by 
well sorted sands, and overlain by silty fine sands. The arrow in the center of the 
section points to a thin silt-rich layer between thicker sand beds._________________
The stratigraphy of Dst deposits consists of alternating layers of sands with sandy 
silts and silty loams. In general the Dst facies exhibits a more uniform sequencing of 
sands and silts than seen elsewhere in the Ds. The total thickness of Dst deposits ranges
from 40 cm in areas laterally distant from the channel, up to 1 m or more near the channel's 
terminus and down the center of the Ds unit. Beds of sand vary in thickness from 1 cm up 
to 14 cm, and the silt rich beds range from a 1 cm up to a maximum of 8 cm, averaging 
around 3 cm. Individual silt laminae commonly vary in thickness and exhibit wavy
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contacts with adjacent layers of sand. Samples taken from the active surface of the 
terminal sands indicate that the majority of the material consists of moderately sorted 
medium sands with a mean grain diameter of 0.35 mm (Table I). However, at depth sand 
layers are commonly composed of well-sorted fine to medium sized sand particles. In the 
bed of the mdcl and in some basal portions of Dsj deposits, sands are characteristically
much coarser with mean grain diameters of 0.60 mm. A Hg concentration of 4.66 ppm 
was obtained for a surficial sample of recent Dst sediments (Lechler, unpublished data).
The overbank sands (Ds0) consist of material deposited along the margins of the 
mdcl primarily as splays and splay-like forms which extend a considerable distance out 
across the delta (figure 8). Splays typically branch off the main channel at angles between
*}> 1A-W i tr
Figure 8: Splay deposit (looking down the axis of the deposit, back toward the 
main distributary channel) in the MDC. The splay shows a convex up cross- 
sectional profile and a non-erosional contact with the adjacent grass-vegetated silt- 
rich surface deposits._______ _______________________________________________
55° and 60°. Splay morphology is characterized by long linear bodies of sand with a flat
non-erosional lower contact and a convex up cross-sectional profile. Splay sands exhibit
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moderate sorting with an average mean diameter 0.38 mm (Table I). The most recent 
splays observed in 1993 and ones visible on 1988 aerial photographs average 332 m in 
length, 66 m in width, and 26 cm in thickness. Only a weak trend of decreasing grain-size 
with distance from the channel was observed in splays that were deposited during 1993.
Similar to splays, though more limited in aerial extent, are deposits of well-sorted 
fine sands with a mean grain diameter of 0.18 mm. They are discontinuously deposited 
along the banks of the mdcl (Table I). These deposits vary in thicknesses, from 5 cm up to 
50 cm. These hummocky bank sands commonly exhibit planar and cross laminae. The 
widths of these deposits extended up to 7 m from the channel, though typically are limited 
to 2 m or less. Recent Ds0 materials sampled contained 8.36 ppm of Hg.
The stratigraphy of recent Ds0 deposits is less consistent than that of the Dst 
deposits. Ds0 deposits consist of massive layers of sandy silts alternating with massive to 
laminated and graded sands. The silt layers are grayish brown to dark grayish brown in 
color and range in thickness from a 2 to 50 cm, and are commonly 10 to 25 cm in 
thickness. Roots are common in the silt layers, as is red mottling along the root pores. 
Sands are light gray to light brownish gray in color, with occasional bands of yellowish red 
oxidation. Thicknesses vary from 3 cm to a maximum of 50 cm. Sorting, grading, and the 
presence of primary sedimentary structures is highly variable with location. The 
sequencing and thicknesses of the silt and sand layers are nonuniform across the deposits 
and cannot be correlated even over short (10s of meters) distances.
Secondary channel fan deposits
The Secondary channel fan (Scf) deposits consist of alluvial sands deposited in two 
arms flanking the center of the Lower Deltaic Complex. They cover approximately 0.32 
km^ of the deltaic complex (figure 5). These massive sand deposits occur as alluvial fan­
like features located at the end of discontinuous gully systems or broader semi-confined
channels created during periods of extreme low water (figure 9). These sands have a mean
Figure 9: Secondary channel fan (Scf) deposits in the Lower Deltaic Complex. 
These loose alluvial sands are deposited at die terminus of gully systems and broad 
semi-confined channels.
grain diameter of 0.3 mm and range from fine to coarse in size (Table I). The mean Hg 
concentration for these deposits was 16.83 ppm.
GEOMORPHIC EVOLUTION OF THE CARSON RIVER DELTAIC COMPLEX 
As discussed in the introductory section, the location and form of the river entering 
a reservoir or lake has a direct control on where and how deposition occurs on deltas. 
Therefore, an understanding of the evolution and depositional processes that operate on the 
Carson River deltaic complex requires the examination of the Carson River and changes in 
its morphology through time in response to the construction and operation of Lahontan 
Reservoir. Historic maps dating to 1868, along with aerial photographs obtained in 1954, 
1962, 1965, 1979, 1988, 1991, and 1992 have allowed for the examination of the Carson
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River in and above the deltaic complex over the past 124 years. Shorter-term changes have 
been documented during field studies conducted in 1993.
Response and Changes o f the Carson River to Reservoir Construction and Operation
The eailiest snap-shot of the Carson River in the vicinity of the modem deltaic 
complex comes from the original township and range plat maps commissioned by the 
Department of the Interior and conducted in 1868. Figure 10, based upon the 1868 maps 
(Monroe, 1869) shows the location and form of the 1868 river in the delta region prior to 
reservoir construction and at the time of peak mining operations associated with the 
Comstock Lode. The plat maps show a single meandering channel traversing the entire 
deltaic complex. A comparison with figure 4 indicates that the Carson River of 1868 is 
located within the area defined by Hiva materials.
Eighty six years later, in 1954, the Carson River is dramatically different 
throughout the deltaic complex. Figure 11, constructed from July, 1954 aerial 
photographs, reveals that from the Transition Zone (TZ) through the UDC the single 
meandering channel was replaced by a multiple (anastomosing) channel system 
characterized by one main distributary channel (mdcl) and numerous secondary channels 
eroded into the floodplain sediments. In the MDC the secondary channels either rejoin the 
mdcl along the western margin of the basin or terminate along the eastern margin of the 
MDC.
Aerial photographs taken in 1962 (figure 12a) and 1965 show few major changes 
in channel patterns and locations across the deltaic complex have occurred since 1954. For 
example, in 1962 the main distributary channel extended to the lower portion of the MDC, 
and terminated at approximately the same elevation as it did in 1954 (figures 12a and 13). 
Moreover, comparison of figures 11 and 14 shows that the anastomosing channel system, 
once developed, remained largely unchanged; the minor distributary channels remaining 
relatively consistent in both number and location between 1954 and 1965.
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Based on original township/range plat surveys conducted in 1868. The outline of the
reservoir and floodplain boundaries are based on present conditions. The shaded portion 
of the locator map shows the extent of mapping.
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photographs. Flow is toward the top of the figure. Map does not show full extent of 
channels into the deltaic complex due to high reservoir levels. Shaded portion of the 
locator map in the lower left shows the extent of mapping.
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Figure 12: Aerial photographs of the deltaic complex (A) 1962 and (B) 1988. 
North is to the right, (i) locator arrow showing the same location on both 
photographs, (ii) the location of the terminus of main distributary channel, note the 
upreservoir retreat (to the left) between 1962 (A) and 1988 (B). (iii) the main 
branch of the distributary channel in 1962; active on (A), abandoned and filled on 
(B). (iv) the western most branch of the distributary channel in 1962 (A) which is 
the only distributary channel in 1988 (B). (v) paleo-channels and meander scrolls of 
the HiVa deposits, visible in 1962 (A), buried by recent Ds deposition (B).
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Figure 13: Schematic diagram showing the the 1868 Carson River channel and the 
locations of the main distributary channel as seen on aerial photographs taken in 1954 
and 1962, and subsequently in 1979 and 1988. The channel has aggraded, relocating the 
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the reservoir and the Carson River immediately upstream. Dashed line at top marks the 
reservoir level at time of the photograph. Shaded portion of the locator map in lower left 
shows the extent of mapping.
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The terminus of the mdcl, as shown on 1988 images (figure 12b) is approximately 
in the same location exhibited on aerial photographs taken in 1979. It is located 
approximately 2 km upstream of the 1954/62 position (figure 13). In addition, the mdcl 
has shifted from the main 1962 channel to the western most 1962 anabranch.
Figure 15, based upon 1991 and 1988 aerial photographs, covers the Carson River 
from the above the TZ downstream to its terminus in the MDC. Throughout the UDC 
and the TZ the Carson River still maintains the anastomosing system as seen in 1954. One 
visible change in the river has occurred in the upper half of the UDC. A 2 km long 
segment of the main distributary channel located in the center of the complex has been 
abandoned since 1965 and filled with sediments. In addition, comparison of figures 11, 
14, and 15 indicate that during the past 40 years the minor distributary channels seen in the 
UDC and TZ have locally filled while, at the same, time new channels have formed 
elsewhere.
In order to gain a quantitative measurement of the channel changes that have 
occurred since 1868 within the UDC, the TZ, and the 5 km of Carson River immediately 
upstream of the TZ (the CRR), channel density measurements were made for each of these 
zones on the maps from which figures 10, 11, 14, and 15 were constructed. Channel 
density, defined as the total length of all channels for a given area of floodplain surface 
(km/km^), was used to assess total extent of channel development within each of the three 
zones.
The channel density measurements confirm that since 1868 dramatic changes in 
channel patterns in both the TZ and the UDC have occurred. Since the 1800's, the channel 
density in the CRR has shown little deviation, with the exception of the 1990 measurement 
Between 1965 and 1990 a reduction in the total channel length occurred as a result of the 
infilling of an abandoned segment of the 1868 channel (Table II). However, within both 
the TZ and UDC, channel density measurements show a clear change from pre-reservoir
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complex. Shaded portion of the locator map in lower left shows the extent of mapping.
Table II: Channel density (total km of stream lengths per km^ of floodplain) values for the 
Carson River above Lahontan Reservoir, the Transition Zone, and the Upper Deltaic 
Complex.
Year
Area 1868 1954 1965 1990
Carson River reach (CRR) 2.34 2.33 2.38 0.90
Transition Zone (TZ) 1.15 5.30 5.59 5.57
Upper Deltaic Complex (UDC) 1.18 4.70 5.03 4.17
conditions of a single meandering channel to a zone with numerous, minor, anastomosing 
distributary channels (Table II). From 1868 to 1954 the channel density in these regions 
underwent an almost 5 fold increase in total channel length.
Three factors suggest that the dramatic change in channel form that occurs as the 
Carson River enters the TZ is largely the result of the change in local base level due to the 
construction of the reservoir:
(1) Conditions favoring the development of anastomosing systems are present in 
the transitional reach above Lahontan Reservoir. These conditions include an aggradational 
environment conducive to avulsions (Smith and Smith, 1980; Smith, 1989), and a flow 
regime dominated by isolated events of relatively large magnitude that the main channel is 
unable to accommodate because the resistivity of the banks constrains the size of the 
bankfull cross-sectional area (Knighton and Nanson, 1993).
(2) The anastomosing channel patterns seen in both the UDC and the TZ are not 
seen elsewhere along the Carson River system. The massive influx of tailings to the 
Carson River system during the 1860s and 70s may have resulted in the aggradation of the 
much of the Carson River downstream of Dayton (figure 1) as these sediments have been 
stored in the floodplain (Miller et al., unpublished data). However, the lack of a similar 
anastomosing channel system outside the Lahontan Reservoir portion ol the Carson River 
suggests that aggradation due to massive sediment influxes 130 years ago is not sufficient 
by itself to produce the dramatic changes seen in the UDC and TZ, and that the
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construction of the reservoir is the dominant cause.
(3) Mathematical hydrologic modeling of the Carson River, based on data from 
RIVMOD (an EPA hydrodynamic computer model) (Hosseinipour and Martin, 1990), 
suggests that during times of maximum reservoir storage, decreases in velocity and 
increases in channel depths necessary to cause overbank flow and avulsions cease at the 
upstream terminus of the anastomosing pattern (Heim, pers comm.). That is, the upper 
boundary of the TZ.
Field observations from 1993 imply that once anastomosing channels above the 
reservoir have become established on the floodplain, reservoir storage no longer has to be 
at its maximum for water to be carried by these channels. If discharge in the Carson River 
is near bankfull, water will be diverted out of the Carson River and into secondary 
anabranches.
An upstream impact on the Carson River of only 5 km may seen spatially limited 
compared to the 29 km of river which have been submerged by reservoir waters. 
However, previous authors have noted that the upstream impacts of reservoirs are typically 
restricted to a small portion of the river immediately upstream of the reservoir (Leopold et 
al., 1964; Graf, 1988). For instance, Leopold et al. (1964) found that decreases in stream 
gradient upriver of a number of small reservoirs was limited to a few thousand meters.
Work done on both natural and experimental deltas suggest that the progradation or 
aggradation of deltaic distributary channels is often directly related to changes in either or 
both base level and river discharges (Chang, 1982; Ferrari, 1988; Smith et al., 1984; Bom, 
1972; and McGowen, 1971; Schumm et al., 1987). Therefore, in an attempt to explain the 
2 km upreservoir retreat of the main distributary channel within the Carson River deltaic 
complex since 1954, the river discharge and base level relationships were examined over 
the life of the reservoir.
Figure 16a shows the range in reservoir level, for each year of recorded data, during
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Figure 16: Plot showing the range of reservoir storage during periods of river 
inflow equal to or greater than (A) 5.66 cms, and (B) 28 cms. The two darker 
horizontal bars indicate storage levels of equivalent elevations to the upper and 
lower boundaries of the MDC. The middle horizontal bar corresponds to the 
present location of the mdcl terminus (around 1264 m). The horizontal flags on the 
vertical bars indicate the storage level at the end of the given inflow period.
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periods in which the Carson River discharge was equal to or greater than 5.66 cms (200 
cfs). The goal in choosing 5.66 cms as a discharge was to find a flow that would produce 
sufficient transport of sediments for the formation of Ds depositional features. Initially this 
flow was selected on the basis of sediment transport calculations performed at the Fort 
Churchill gauge using two Army Corp of Engineers sediment transport computer 
programs. The programs were based upon Yang's method for total sediment discharge 
(Yang, 1973; Yang, 1976; Simons and Senturk, 1977), and on the Shen-Hung method for 
sedim ent discharge (Shen and Hung, 1971; Simons and Senturk, 1977). Field 
observations subsequently confirmed that while limited movement of materials along the 
bed of the mdcl does occur at flows less than 5.66 cms, formation of Dst deposits did not 
begin until flows reached a level of 5.66 cms, and Dso materials were commonly not 
deposited by flows less than 14 cms (500 cfs). Figure 16b is similar to figure 16a, but was 
developed for periods of inflow at or greater than 28 cms (1000 cfs). The river has flowed 
at or greater than 28 cms only 10.54 percent of the time since 1915.
Two general trends are shown in figures 16a and 16b. First, a period of 
consistently low reservoir storage occurred in the late 1920's through the middle 1930's. 
Second, the reservoir is characterized by constant fluctuations in storage ranging from the 
Middle Delta Complex up to the Upper Delta Complex over the past 50 years; no clear 
periods of low reservoir stage similar to the 1920's and 1930's are present. While the first 
trend would account for the filling of most pre-reservoir channels located in the LDC 
during this early period of low reservoir surface levels, the observed 2 km retreat in the 
main distributary channel over the past 30 years appears to be a long-term response to the 
higher range in reservoir surface elevation fluctuations since the late 1930s.
Another important factor controlling the aggradation and retreat of mdcl may be the 
timing of high river discharges in relation to reservoir surface elevations. Figure 16b 
reveals that the terminus of the main distributary channel is commonly exposed only
during the early periods of inflow when discharges are typically well below 28 cms. Peak 
flows, greater than 28 cms, rarely occur when reservoir levels are below 1266 m (the 
UDC/MDC boundary). In addition, of the ten largest discharge events measured on the 
Carson River at Fort Churchill since 1962, only one, occurring in 1964, happened when 
reservoir storage was at an elevation below 1266 m. Six of these events are ranked, by 
discharge magnitude, in the top ten flood events since 1915. Therefore, within the MDC 
the main distributary channel is rarely exposed during the largest, and presumably the most 
erosive, river discharges. The net result is that the channel terminus and the sediments 
filling the channel are protected from erosion. Moreover, the high reservoir levels inhibit 
the remobilization of Ds deposits and do not allow the mdcl to expand downresevoir.
It is important to note, that in Lahontan Reservoir, reservoir level fluctuations, and 
thus, base level is not directly linked to the yearly flow of the Carson River because the 
reservoir impounds water from both the Carson River and the Truckee Canal (figure 1). 
Input from the Truckee Canal varies substantially depending upon the year, averaging of 
40% of Lahontan Reservoir's storage (Cooper et al., 1983). However, the canal's input 
varies according to the flow conditions of the Carson River and accounts for anywhere 
between 4 and 80% of the water entering the reservoir in a given year. In years when the 
flow in the Carson River is low the subsequent storage deficit is made up by increased 
water via the Truckee Canal. The inverse is also true. In wet years such 1993, the quantity 
of water diverted out of the Truckee River was reduced. As a result, the storage levels 
maintained in the reservoir show a more consistent yearly fluctuation in surface elevations 
than would be expected if flow from the Carson River were the only major source of 
reservoir water. In addition, the typical input from the Truckee Canal early in the water 
year greatly exceeds that of the Carson River, by as much as a factor of 100. Therefore 
portions of the MDC and LDC exposed by substantial drawdowns during late summer are 
submerged again prior to substantial increases in the discharge of the Carson River in mid
to late spring (figure 2a). As figure 16 illustrates, this time delay between the increase in 
reservoir storage and the increase in river discharge results in an "effective" base level that 
is commonly at or above the current mdcl terminus. In addition, unlike many reservoirs, 
in Lahontan Reservoir the ability to control reservoir levels by both releases from the dam 
and by the quantity of water entering from the Truckee Canal, means that storage levels are 
generally not reduced in anticipation of flood events.
Figure 16 indicates that since the 1960s there have been individual years in which 
reservoir storage has begun at an elevation which is lower than that typically observed. 
Despite these deviations the upreservoir shift in the mdcl terminus has continued with 
apparently no lasting deltaic response to these isolated periods of reduced storage. As 
figure 2b illustrates, water year 1993 was a year in which the initial storage level was far 
below normal. Field work conducted over the course of 1993, offers some insights into 
why the erosion of Ds deposits and response of the mdcl is minor during rare periods of 
time when both low reservoir storage and river discharges that are greater than 5.66 cms 
occur.
In order to examine the seasonal response of the main distributary channel to 
changes in both river discharge and base level, detailed cross-sectional surveys of the lower 
2 km of the mdcl were conducted. Over the course of 1992/93, the main distributary 
channel in the Middle Delta Complex was repeatedly surveyed for cross-sectional area, at 
bankfull depth, at a total of eight locations (figure 17a), from just below the UDC/MDC 
boundary, to a few hundred meters past the mdcl terminus.
Cross-section 2, located downstream of the convergence of channel anabranches 
entering the MDC, exhibited the greatest capacity to accommodate increased discharges by 
expanding the cross-sectional area of the reach. It experienced more than a three fold 
increase in maximum depth, scouring from a depth of 70 to 199 cm (figure 18). This 
cross-section which increased in area by 10 m^, illustrates the ability of the channel to
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ngure 17: Map showing (A) the locations of cross-sectional surveys on the main 
distributary channel in the MDC, and (B) the location of the region of active gully 
development in the LDC.
1KM
Region of Gully 
Development
Figure 18: Cross-sectional surveys obtained at location 2. Plot is oriented looking 
upstream. Note the substantial scour and absence of filling with time. The bed of 
the channel is underlain by Hiva deposits. See figure 17a for cross-section location.
increase its depth to accommodate increasing discharges. Aerial photographs from 1988
and 1962 also show evidence of previous scour near cross-section 2. Field observations
indicate that scouring and filling fluctuated with river discharge; filling occurred in response
to decreases in discharge and scouring corresponded to increasing discharges. At cross-
section 2, the mdcl is eroded into pre-reservoir HiVa materials.
A second cross-sectional trend is best illustrated by cross-sectional surveys 
conducted at location 3 (figure 17a). Cross-section 3 is located 280 m downstream from 
cross-section 2. Aside from the removal of a large bar form the bed of cross-section 3 
showed little scour and over the course of the year the total cross-sectional area increased 
by only 3.5 m2 (figure 19). In direct comparison to cross-section 2, the mdcl at cross- 
section 3 is underlain by pre-reservoir HoVa materials suggesting that the ability of the 




Figure 19: Measured surveys at location 3 (looking upstream). Note the lack of 
scour or filling. Cross-section 3 is situated on bed material composed of HiVa- See 
Figure 17a for location._______________________________________________________
Cross-section 12 located above the terminus of the mdcl (figure 17a) exhibited net 
filling. Cross-section 12 was first measured in February, 1993, and exhibited a cross- 
sectional area of 10.35 m2 (figure 20). Over the following two months the cross-sectional 
area decreased by as much as 3.5 m2 and was accompanied by deposition on the channel 
banks and a rise in bed elevation. Following inundation by reservoir waters, the remaining 
channel was a shallow (10 cm deep depression). The net loss in cross-section area, 
including deposition along the channel banks, was 11 m2.
Scour and then subsequent filling was seen at cross-sections 5, 13 and 14. Cross- 
section 5 (figure 17a) was located on the mdcl approximately 270 m upstream of cross- 
section 12. From December to April the channel increased in area from 11.4 to 13.8 m2 
and subsequently, decreased to 10.37 m2 by September (figure 21). As with cross-section 
12, deposition occurred on the channel banks and the amount of sedimentation is greater 
than reflected by changes in the channel area. The total quantity of deposition at this reach
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Figure 20: Cross-sectional surveys at location 12 near the terminus of the main 
distributary channel (looking upstream). Cross-section 12 shows progressive 
aggradation throughout 1993. See figure 17a for cross-section location.__________
Cross-section 5
Distance (m)
Figure 21: Cross-sectional surveys at location 5 (looking upstream). Note that at 
location 5 the channel bed initially scoured then filled. Filling corresponded to a 
shift from fluvial to lacustrine conditions with rising reservoir levels. See figure 
17a for location.
was 5.9 m2 of sand sized particles. The filling of the mdcl at cross-section 5 appeared to 
coincide with rising reservoir water levels and resulted from a decrease in the competence 
of the mdcl associated with the transition from fluvial to lacustrine conditions.
In contrast, the scour and filling trends observed at cross-sections 13 and 14, 
located beyond the mdcl (figure 17a), did not correspond to submergence by rising 
reservoir surface levels. Prior to 1993, this area was characterized by a flat sandy surface 
with linear depressions on the order of a few centimeters in depth resulting from flow 
during previous low water years. By February, 1993, water leaving the mdcl and 
spreading out across the Dst deposits had formed several channels up to 90 cm in depth
(figure 22). Flow separation of water around the base of willow saplings created a focal 
point for the development of horseshoe-scour features in the Dst deposits. With time,
these features expanded and facilitated channelized flow across this portion of the delta 
surface. Initially, these newly developed channels suggested that the mdcl was responding 
to the low base levels and was beginning to remobilize sediments and expand the 
distributary channel downreservoir. However, as water and sediment discharge increased 
with snowmelt flows in the Carson River, these erosional channels filled to or above the 
original surface elevation at most localities. This aggradation occurred while reservoir pool 
levels were at elevations of more than 2 m below the channel beds.
The initial cross-sectional surveys, presented above, revealed that the main 
distributary channel spatially varied in cross-sectional area from a maximum of 25.20 m2 
at cross-section 2, to the minimum of 10.35 m2 at cross-section 12 just above the channel 
terminus (figure 17a). Over the course of 1993 these surveys revealed four trends in the 
cross-sectional area of the mdcl: (1) substantial scour in response to an increase in river 
discharge with no filling upon submergence by standing reservoir water in the upstream 
portions of the mdcl, (2) relative stability and little change in overall cross-sectional area 
throughout 1993, (3) filling and aggradation of the mdcl throughout the year, and (4) a
20 Cross-section 13
Figure 22: Surveys at locations 13 and 14 on the surface of Distributary sand 
deposits just downstream of the main distributary channel terminus (view is 
looking upstream). Both cross-sections show substantial scour and rapid filling 
with an increase in river discharge. On 3/24/93, the reservoir water surface was 2 
m in elevation below these locations. See figure 17a for cross-section locations.
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scour, then filling of the mdcl.
It is the downstream 3 cross-sections, located at and downvalley of the current 
mdcl terminus that gives the most insight into the possible controls causing the long-term 
upreservoir aggradational trends of the mdcl evidenced on the aerial photographs. Cross- 
sections 12, 13, and 14 all suggest that as river and sediment discharges increase over the 
course of the spring the terminus of the mdcl is not capable of maintaining the competence 
sufficient to transport incoming sediments through this channel reach. A comparison of 
the initial cross-sectional surveys along the mdcl indicate that the total cross-sectional area 
of the channel at location 12 was less than half of the area of location 2, associated with the 
downstream decrease in cross-sectional area is a decrease in channel depth. As a result, 
along the lower 1 km of the mdcl the loss of water out of the channel progressively 
increases. Moreover, some transmission of water into the highly permeable bed material 
(composed predominately of sands) may also reduce the flow in the mdcl. As water 
leaves the shallowing channel the discharge in the channel decreases and the sediments are 
deposited. This infilling of the channel results in aggradation at the channel terminus and 
along the lower portions of the mdcl. Thus, the aggradation and inability of the mdcl to 
remobilize sediments at its terminus allows the upreservoir retreat of the mdcl to continue 
despite conditions that favor progradation and channel expansion downreservoir.
Gully Development within the Lower Deltaic Complex
Studies of experimental and natural deltas predict "distinct and rapid" changes in 
stream channel and delta morphology in response to changes in depositional controls, such 
as decreasing base level (Chang, 1982; Schumm et al., 1987; McGowen, 1971; Bom, 
1972; Ferrari, 1988; and Smith et al., 1954). For example, base level lowering may allow 
the creation of gullies graded to the new water levels. These gullies may expand 
upreservoir and erode significant portions of the delta. Typically, these gully systems 
capture the flow from the pre-existing distributary channels and regrade the delta to a lower
base level (Schumra et al., 1987) and allow deposition to proceed in a new location.
Over the course of 1993 and during the preceding 6 years of drought conditions, 
erosion leading to gully development occurred at the lowest elevations on the deltaic 
complex (figure 17b). For example, one gully system in the LDC extends for 1 km along 
the southwestern side of the basin’s axis. Field observations in the fall of 1992 and 1988 
aerial photographs, suggest this gully formed by the integration of at least two 
discontinuous gully segments. Cross-sections located along the gully indicated that flow 
across the LDC, early in 1993, resulted in a rapid scouring of the channel bed. For 
example, at cross-section A (figure 23) located about 30 m downstream of the upper
Figure 23: Surveys of cross-sections A located along the gully system in the LDC 
(looking upstream). The maximum depth at locations A is a minimum; the cross- 
section could be completely surveyed due to excessive depths. See figure 24 for 
location along the gully. _____________________
headcut (figure 24), a minimum of 80 cm of scour occurred (maximum depths were not
possible to measure due to the depth of the channel), and cross-sectional area increased by
as much as 3 m2. However, the cross-sectional width remained stable and little headward
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Figure 24: Longitudinal profile of the main gully system in the LDC. The bold 
upper line represents the delta surface, the lower line represents the gully channel 
bed elevation measured along the thalweg. The profile cuts across both HoVa (40- 
180 m, 225-290 m) and HiVa (190-225 m, 290-1000 m) materials. The vertical 
line indicates the location of cross-section A. Note the prominent scour feature 
between 190-225 m. The slope of the gully bed is less than that of the delta surface 
and intersects with the surface downstream forming the northwestern branch of the 
Scf deposits (figure 5)._______________________________________________________
migration occurred. The upstream extent of the gully, located between 250 and 300 m on
figure 24 did not expand upreservoir over the course of 1993.
The reason for this cessation of upreservoir gully expansion is the pre-reservoir 
geology. Post-dam deposition within the LDC commonly does not exceed 25 cm in depth, 
therefore in order for a gully of up to 2 m in depth to form it must erode into the alluvium 
underlying the thin deltaic deposits. Areas underlain by HiVa materials are easily erodible 
and rapid gully formation occurs. However, HoVa materials with higher clay content and 
well developed soils are highly resistant to erosion and experience surface scour on the 
order of only 10 to 20 cm. The headcut located at 300 m on figure 24 marks a transition 
point between Hiva and HoVa materials. The gully is not able to erode into the upstream 
HoVa materials and gully migration has been arrested. A scour hole (located between 190
and 225 m on figure 24) further illustrates the differing erodibility of the two pre-reservoir 
floodplain materials. The scour hole is developed in a HiVa paleo-channel that intersects 
the gully perpendicular to the present day flow direction. Over 1993 the scour hole 
increased in depth by more than 1 m and laterally eroded its northern bank. However, the 
erosional feature was unable to expand upstream or downstream into Hoya materials.
Early in 1993, coarse sandy material was transported into the gully system and 
deposited in the Secondary channel fan deposits. The rate and supply of sands was 
variable, but both showed an increase with a rise in river discharge (figure 2b) until late 
February when sand transport into the gully system ceased. During submergence by rising 
reservoir levels, the gully system showed no filling by sediments or loss in depth.
Limited erosion of Hova material occurred locally in portions of the LDC;
however, the resulting scour features remained on the order of 1 to 2 m^ in surface area 
and 10 to 40 cm in depth. No significant gully systems developed in these alluvial 
materials.
Unlike the LDC, gully development across the MDC is entirely absent. Within the 
MDC, Hiva materials are buried by Ds deposits (figures 4 and 5). The sandy non-
cohesive Ds deposits do not support either narrow deep gullies or vertical headcuts with the 
capability of extensive headward migration. Unlike the thin Df deposits, Ds deposits are 
not stripped off by runoff, and the erodible Hiva materials are not exposed to scour and
gully development. Moreover, in areas of MDC where the Df sediments have been eroded 
the underlying material is composed of the resistant Hovaj limiting channel development to
broad shallow depressions. As a result, gullies developed in the LDC cannot expand 
across the MDC. Capture of the main distributary channel does not occur, as might be 
expected given base level and river discharge conditions.
47
Impact o f  Channel Forms and Locations on the Morphology and Stratigraphy o f the 
Deltaic Complex
As previously noted, the form and location of distributary channels across deltas 
directly controls deposition of sediments and hence the overall morphology of the delta 
(Chang, 1982; Schumm et al., 1987). In this respect, the Carson River deltaic complex is 
no exception. As seen in figure 5 the overall morphology of the deltaic complex is highly 
varied and does not show an overall radially morphology. In addition, unlike the idealized 
model for deltaic deposition with the distinct topset, forset, and bottomset progression of 
beds the Carson River deltaic complex contains highly variable stratigraphic sequences. 
This stratigraphy reflects the ongoing shifts in channel locations across the deltaic complex.
The deposition of Df deposits results from silts and clays settling out of suspension 
and will occur over all portions of the delta that are inundated by relatively quiescent 
waters. The variation thickness and texture of dependent upon the duration of inundation 
and proximity to the mouth of the river. The downreservoir decrease in overall grain size 
in Df deposits (figure 6) is due to the fact that silts and coarser material settle out of 
suspension faster than clays and will be deposited in areas nearer to the main distributary 
channel.
The stratigraphy and morphology of the Ds deposits (figure 5) is the direct result of 
the progressive upreservoir retreat of the single mdcl in the MDC. A comparison of the 
1962 (figure 12a) and the 1988 (figure 12b) suggests that the type of deposition 
characterized by Distributary sand deposits remains limited to the downstream most 1.5 
km of the mdcl. The deposition of Ds materials began in the lower portions of the MDC. 
As these deposits accumulated and the channel terminus migrated upreservoir the unit 
became elongated along the western margin of the reservoir. Stratigraphically the 
interlayering of sand and silt-rich beds within Ds deposits results from transitions between 
fluvial and lacustrine conditions, or vice versa, with changes in reservoir water levels. The 
progressive development ot multiple sequences of these sand and silt beds results lrom the
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stacking of individual layers as the mdcl retreats upreservoir.
Much of the lateral variability of Ds stratigraphy is due to the discontinuous spacing 
of splay deposition across the delta surface. Splay deposition results from an incapacity of 
the stream channel to accommodate the entire water and sediment discharge through a 
given channel reach. Stream reaches subject to splay activity are marked by pre-existing 
lows in one or both of the channel banks and in some instances a transition from erosive to 
highly resistant bed material that significantly reduce the mdcl's cross-sectional area. The 
lows in the channel banks correspond with remnants of deltaic channels which branch off 
of and onto the current main distributary channel. The majority of the splays in 1993 
appear to be formed by sediments carried out of the channel in suspension.
Morphologically, the limited width of the Ds deposits is due to the fact that (1) 
sediments were deposited at the mouth of the mdcl and along a narrow region of the deltaic 
complex bordering the mdcl, and (2) lateral shifting of the mdcl is limited. This limited 
lateral shifting of the mdcl is due to the pre-reservoir geology. Minor distributary channels 
that terminate in the upper portions of the MDC are inhibited from expanding their 
dimensions by the HoVa materials into which they are eroded, and are unable to divert a 
significant quantity of water and sediments away from the mdcl. In addition, within the 
MDC water leaving the mdcl by avulsions has not eroded into HoVa materials to form 
another distributary channel branch that would allow for the expansion of Ds deposits 
across more of the deltaic complex. The greater thickness of Ds deposits than Df deposits 
has raised the elevation of the western half of the MDC above the rest of the complex and 
the bed of the reservoir slopes away from the axis of the Ds unit.
Secondary channel fan deposits are composed of sands that have eroded from 
deposits higher in the deltaic complex. The formation of the Scf deposits can only occur 
during periods of low reservoir storage combined with discharge from the Carson River 
sufficient to transport the sands across the length of the deltaic complex. The aerial extent
and thicknesses of these deposits have been limited by infrequency of favorable hydrologic 
conditions, and by the lack of extensive gully development across the MDC.
Across the deltaic complex the stratigraphic relations between the post-dam 
deposits and the pre-reservoir alluvial units is variable. For example, Ds and Df materials 
are always found stratigraphically above pre-reservoir Hiva and Hova materials. However,
Ds materials may be found either overlying or buried by Df deposits. This results from 
the fact that areas which were the site of Ds deposition early in the life of the reservoir have 
since largely been abandoned by Ds depositional activity as the mdcl has retreated up- 
reservoir. Df sediments have since been deposited, burying Ds materials. In contrast, 
areas currently characterized by Ds deposition were previously sites of Df deposition and 
in these locations Ds deposits bury both the post-dam Df materials and the pre-reservoir 
alluvial units. In the LDC, Scf deposits may be deposited over top Df deposits and pre­
reservoir alluvial units, or in the case of deposits at the terminus of gully segments the Scf 
deposits may be inset into the pre-reservoir floodplain materials.
MODEL OF GEOMORPHIC EVOLUTION OF THE CARSON RIVER DELTAIC
COMPLEX
The majority of the changes in morphology, and in channel form and location 
across the Carson River deltaic complex are revealed by maps and aerial photographs taken 
at a given instance in time. As such, the rate and timing of the changes documented are not 
well constrained. However, given the material presented above it is possible to construct 
the following conceptual model for the evolution of the Carson River deltaic complex.
At the time of dam closure the deltaic complex was probably characterized by a 
single meandering channel located within the region defined by Historic valley alluvium 
(figure 4). The surface of the floodplain adjacent to the Carson River was likely to have 
been marked by oxbows, partially filled paleo-channels, and meander scars. In the first
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decade of the reservoir operation incoming sediments began to fill the channel of the 
Carson River and topographic lows in the floodplain adjacent to the channel. Within the 
UDC and TZ high reservoir storage resulted in avulsions and water spreading across the 
floodplain which began to create, through erosion, the minor distributary channels that 
form the anastomosing channel system. These anabranching channels would have formed 
more rapidly over sections of the floodplain composed of HiVa materials. In this period, as 
throughout the life of the reservoir the subaqueous portions of the deltaic complex were 
subject to the deposition of Deltaic fines.
During late 1920s through the mid 1930s prolonged periods of low reservoir levels 
allowed coarse grained sediments to be transported through the partially filled pre-reservoir 
Carson River into the LDC. Between the late 1930s and the 1950/60s, the anastomosing 
channel system continued to develop in the UDC and TZ with minor channels becoming 
more established across regions underlain by both HiVa and HoVa materials. As these 
channels developed they eroded the banks of the Carson River below bank full depth, 
allowing flow into the minor channels during periods of high river discharge independent 
of reservoir storage elevations. During this same period Ds deposition occurred across the 
western half of the lower MDC, with sands filling the remaining portions of the pre-dam 
Carson River channel and spreading out across the floodplain burying the pre-reservoir 
topographic features. Periods of high reservoir stage were marked by the temporary 
storage of coarse sediments within the main distributary channel. At times of reduced 
water levels sediments were remobilized and transported to the MDC.
Starting sometime in the 1960s the main distributary channel in the MDC began to 
aggrade and the 1.5 km reach of active Ds deposition along the channel started to move to 
higher elevadons within the MDC. At the same time, in the UDC, increasing quantities of 
water were being diverted out of the main distributary channel and into the minor 
distributary channels, thus reducing the total flow in the mdcl. In response to the decrease
in discharge portions of the main channel in the UDC began to fill.
By the late 1980s the terminus of the mdcl had aggraded to near its present position 
and Ds deposition was occurring in the upper half of the MDC. Six years of drought in the 
late 1980s and early 1990s marked a shift in the overall river discharge patterns seen since 
the late 1930s. This period of low reservoir storage was marked by rapid gullying of a 
region in the LDC. However, due to the distribution of pre-reservoir floodplain materials 
and in part the distribution of post-dam deposits, the expansion of gully development 
above the LDC did not occur. As a result, neither a change in deltaic channel patterns, nor 
deltaic morphology occurred despite base level and river discharge trends which would 
hypothetically favor a significant progradational response.
The limited deltaic response to the most recent period of drought, the longer-term 
upreservoir depositional trend, and the consistent anastomosing channel patterns in and 
above the deltaic complex all suggest that while the deltaic complex does not represent a 
"stable" geomorphic system it does appear to have adjusted to the highly dynamic 
hydrologic regime found in Lahontan Reservoir. The yearly fluctuations in river discharge 
and reservoir storage (figure 2a) do not trigger a significant geomorphic response across 
the deltaic complex. Given continued base level and river discharge fluctuations similar to 
the past fifty years the Carson River deltaic complex will probably maintain its overall 
aggradational trend with the majority of sediment deposition controlled by a single 
dominant distributary channel. This aggradational trend may continue until the mdcl 
terminus reaches an elevation at which it is exposed to discharges great enough to erode 
sediments at a rate greater than that of new deposition. Based on figure 16b, this may 
occur somewhere just above an elevation of 1266 m in the lower portions of the UDC. 
Areas above this elevation have consistently been exposed during peak flows over the past 
50 years. However, if any of the minor distributary channels developed in the UDC are 
able to expand enough to transport a significant portion of the incoming Carson River and
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its associated sediments a major relocation of Ds deposition could occur, greatly effecting 
the morphology of the deltaic complex.
In contrast, if either or both the river discharge or base levels were to experience 
substantial reductions for a prolonged period of time the Carson River delta might follow 
the channel retrenchment and progradation behavior seen in other lakes and in flume 
studies. A change in these controls could result from a climatic shift resulting in an 
extended drought, or a change in reservoir management, such as the reduction in Truckee 
River water diverted via the Truckee Canal, as is currently being discussed. Prolonged 
subaerial conditions on the lower delta in response to extended drought, on the order of 
tens of years, would result in continued erosion of deposits higher in the reservoir, and 
expansion of both gully systems and Scf deposits in the lowest portions of the delta. 
However, the associated reduction in river flows during drought conditions would limit the 
rate and extent of depositional and channel adjustments to the new base level range. A 
change in reservoir management and or water allocation may result in a more rapid 
adjustment to base level, lowering the yearly range of water levels would expose typically 
subaqueous portions of the delta to the highest discharges, facilitating erosion and allowing 
for the possible capture of the mdcl by gullies advancing upreservoir.
TOTAL POST-DAM DEPOSITION AND HG DISTRIBUTION WITHIN THE
DELTAIC COMPLEX
Total volume of sediment deposited within each post-dam depositional unit was 
calculated by averaging the thickness of each unit and multiplying by the total surface area 
(Table III). The margin of error for the computed volume of sediments within the deltaic 
complex is approximately ±25% . The total volume of sediments stored in the deltaic 
complex is 4.88 x 106 m3 representing 1.26% of the maximum reservoir storage capacity. 
A value calculated by Miller et al. (1994) without differentiating deltaic units was 13.5%
Table HI: Sedimentation data on deltaic geologic units and mean Hg concentrations of pre­
reservoir and deltaic units.
Geologic Area Average Total Volume Mean [Hg] N of [Hg]
Unit (km2) Thickness (cm) (m3) (ppm) samples
Deltaic 
fines (Df)
12.31 27.5 3.39 x 106 23.65 15
Distributary 














— — — 3.77 7
* estimated thickness for Scf deposits
lower at 4.22 x 10 6 m3. Excluding coastal units composed mostly of sediments eroded 
from reservoir margins, the remaining reservoir units contain 4.60 x 10^ m3 of sediments. 
The total volume of sediments introduced to the entire reservoir basin since dam closure, 
9.48 x 10^ m3, accounts for approximately 2.44% of the maximum storage capacity by 
volume, for a siltation rate of 0.03% per year. In comparison, Lake Powell lost 3.6% of its 
storage capacity in 23 years, a rate of 0.16% per year (Ferrari, 1988), and Bighorn Lake, 
Montana decreased by 3.9% in 17 years, a rate of 0.23% per year (Blant, 1986).
Associated with these sediments is a large quantity of Hg. The deltaic complex, 
viewed as a single unit, has the second highest mean Hg concentration in the reservoir at 
20.05 ppm; 23.74 ppm is the mean for the bottom floodplain sediments located 
downreservoir of the deltaic complex (Miller et al„ 1993). However, Hg concentrations 
across individual deltaic units varies considerably (Table HI), ranging from 10.06 ppm for 
Ds sediments up to 23.65 ppm in the Df deposits (Lechler, unpublished data). 
Comparisons of grain size data and total organic carbon suggests that a positive correlation
between fines and organics where higher Hg concentrations exist in Lahontan Reservoir 
(Miller et al., 1994). Though highly variable, some of the highest potential concentrations 
of Hg may be contained in sediments of paleo-channel fills within of the Historic valley 
alluvium.
Past depositional trends across the deltaic complex have resulted in the burial of 
HiVa deposits by relatively less contaminated Ds deposits. Nevertheless, changes of the 
channel location, development of new channels, and erosion of channel banks in the upper 
portions of the deltaic complex all serve to remobilize contaminated sediments increasing 
the potential bioavailable Hg in the reservoir. Gullies which preferentially erode exposed 
Hiva deposits similarly remobilize contaminated sediments. During low water years, such
as 1993, substantial erosion of exposed Deltaic fine deposits occurs. Therefore, while 
deposition of contaminated sediments in the upper reaches does remove Hg from the water 
column on a seasonal basis, it should not be viewed as a permanent removal of pollutants 
from the Carson River ecosystem.
A prolonged decrease in reservoir level due to either climatic conditions or changes 
in reservoir management are likely to result in significant remobilization of contaminated 
sediments and produce a net flux of stored Hg from the deltaic complex. Expansion of 
gully systems, re-exposure of buried Hiva deposits, and stripping of Df from underlying
floodplain material all would erode contaminated sediments and introduce a significant 
quantity of Hg to the water column.
The most effective way to reduce the influx and remobilization of Hg from the 
deltaic complex would be to maintain the reservoir water surface elevation at or above 1266 
m (figure 3) during the spring and early summer when flows from the Carson River are 
greatest. Unfortunately, to maintain reservoir water levels at that elevation a significant 
quantity of water currently released to farmers in the late summer for irrigation would need 
to be retained in the reservoir. Additionally, if the reservoir water level was at 1266 m at the
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beginning of the water year only one third of the reservoir's total storage capacity would be 
available for impoundment of incoming flows. Such a management program would 
effectively limit Lahontan Reservoir's total storage capacity to a third of its present amount 
and render it largely useless for the purpose for which it was constructed, making such a 
change in reservoir operation highly improbable.
CONCLUSIONS
Long-term data based upon historic maps, aerial photographs, and records of 
reservoir storage and river discharges, combined with recent site investigations indicate that 
the overall morphology, stratigraphy, and geomorphic evolution of the Carson River deltaic 
complex is unique and does not follow the patterns and responses that previous studies on 
both real and experimental systems would predict. The deposition of the three deltaic 
geologic units has been dependent on the location and form of distributary channels across 
the deltaic complex. These distributary channels have shown two major responses to 
reservoir construction. In a 5 km reach of the Carson River above the reservoir and in the 
Upper Deltaic Complex an anastomosing channel system has developed in response to 
avulsions caused by the downstream impoundment of water.
In the middle and lower portions of the deltaic complex the main distributary 
channel has been progressively filled by incoming sediments, and for the last 30 years it 
has exhibited an overall aggradational trend. This aggradational trend is the result of (1) 
high reservoir storage during periods of substantial river discharge, and (2) a rapid decrease 
in stream competence at the terminus of the main distributary channel that prevents the 
expansion of the distributary channel downreservoir during periods of low reservoir 
storage. The aggradational trend of the deltaic complex appears insensitive to the large 
changes in reservoir storage levels and river discharges that occur on a seasonal basis.
This lack of geomorphic response to changes in hydrologic controls is the result of
a combination of the influence of pre-reservoir and deltaic geologic deposits, and the rate 
and timing of changes in water levels due to management of the reservoir. In most years 
the lower portions of the deltaic complex are inundated by the rising reservoir before 
development and expansion of channels across the complex is possible. Gully 
development occurs rapidly in erodible Historic valley alluvium that is exposed in the 
Lower Deltaic Complex, however, highly resistant Holocene valley alluvium arrests gully 
expansion and prevents the longitudinal expansion of the gullies upreservoir. Within the 
Middle Deltaic Complex thick deposits of deltaic sands resist erosion by gullies and serve 
to protect the erodible pre-reservoir materials from gully development. Without an 
integrated channel system across the deltaic complex to transport sediments beyond the 
main distributary channel terminus, lower base levels do not result in a progradation of the 
deltaic complex.
In addition to dramatically altering or obliterating a significant portion of the Carson 
River, Lahontan Reservoir has trapped nearly all of the sediments, and associated trace 
elements, transported by the river for the past 80 years. The quantity of sediments 
accumulated in the reservoir remains relatively small with over half of the 2.44 % decrease 
in storage capacity occurring across the deltaic complex. At this rate, siltation of the 
reservoir will not be a concern for many years. However, the elevated quantities of Hg 
deposited along with the sediments is an immediate concern. Depositional and erosional 
trends across the deltaic complex suggest that Hg deposited within the reservoir, and in 
particular within the deltaic complex, may easily be remobilized and should not be 
considered "removed" or sequestered from interacting with the physical and biological 
systems of Lahontan Reservoir. In addition, the lowering of base levels results in the 
erosion of Hg-rich deltaic silts and clays, as well as contaminated pre-reservoir alluvial 
materials. As such, the implications of Hg remobilization should be a consideration when 
examining changes in the water allocation and management of Lahontan Reservoir.
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